KEY WORDS Insecta, Brassica oleracea var. capitata, Thrips tabaci, plant resistance ONION THRIPS,Thrips tabaci Lindeman, has been a serious problem on cabbage in New York for the last 6 yr (Andaloro et al. 1983a) . Thrips do direct cosmetic damage to the head, causing rough brown blisters (Fox & Delbridge 1977) . Although thrips can be found as deep as 11 layers (22 leaves) into the head (North & Shelton 1986 ), insecticides currently used do not reliably control thrips more than three layers (six leaves) deep (Shelton et al. 1981) . Thus, alternative methods of control are needed.
Varietal differences in T. tabaci damage at harvest have been documented among commercial varieties used for sauerkraut production (Shelton et al. 1983 ), but no adequate resistance has been reported for fresh market and storage varieties used in New York. To transfer resistance to varieties suitable for fresh market and storage, information on the inheritance and mechanisms of resistance is needed. In this study, we address three basic questions about thrips resistance. Is the reduced visible damage on resistant varieties associated with reduced numbers of onion thrips? If so, where on the plant, and when during the season, are thrips numbers reduced? Can differences in thrips numbers among varieties be explained by differences in plant size for that particular date? The answer to the first question should reveal whether the plant expresses resistance by reducing thrips numbers through antibiosis or non preference, or by not responding to thrips injury; i.e., not producing the obvious brown blisters that are the economically important form of thrips damage. Knowing when and where resistance acts most strongly should help focus further mechanistic studies. Removing the effect of head or frame size on thrips numbers by comparing predicted numbers at a common head or frame weight is a first step toward separating differences in growth rate from other factors determining thrips resistance.
We studied four varieties, two that had high levels of thrips damage to the head in previous studies and were classified as susceptible, and two with very low levels of damage classified as resistant. From detailed study of these two groups, hypotheses about the general nature of thrips resistance can be developed for testing on a wider range of varieties. However, thrips resistance or susceptibility may not be caused by the same factors or rna y not operate in the same way across even such a small group of varieties; therefore, we also compared thrips abundance on the two varieties within the groups.
Materials and Methods
Based on previous work (Shelton et al. 1983 , Shelton et al. 1988 We began sampling two plants per plot on a weekly basis but switched to one plant per plot on 26 July 1983 and to sampling every 2 wk after 3 August 1983. Each plant sampled was divided into two parts: the tightly folded central leaves, labelled "head" throughout (but in early samples included young heart leaves that ultimately unfold to become outer leaves; see Andaloro et al. [1983b] for a description of cabbage growth), and the open outer leaves ("frame leaves"). These were carefully separated in the field and then immediately plunged into containers of 70% ethanol. Samples were stored in the ethanol at I-2°C. In the laboratory, all leaves were separated and washed individually in water, and all the water and alcohol were filtered through a Nytex screen (85~m, Tetko, Elmsford, N.Y.). Adults, larvae, and pupae were counted on the screen at 18-20 x magnification. Virtually all adults were female T. tabaci.
Plant measurements were also taken beginning on 3 August 1983 to monitor difference in growth among varieties. The frame and head (after removing the core) were weighed after drying in an oven for at least 48 h at 65-80°C in 1983, and at 100-1l0°C in 1984.
Damage to the heads was evaluated on three heads per plot on 12 October and 19 October 1983 with heads chosen from among the most mature plants, and on 23 September 1984 with heads chosen randomly. The first 10 layers (20 leaves) were peeled off and each was evaluated for presence or absence of thrips damage, and the head as a whole was qualitatively rated on a scale of 0 (no injury) to 4 (severe injury) as described in Shelton et al. (1983) .
Damage ratings were analyzed using rank transformation and analysis of variance (ANOVA) of the ranks, an appropriate non parametric analysis for an ordinal variable (Conover & Iman 1981) . Head and frame dry weights were also analyzed with ANOVA, and "protected" least significant differences were used to separate means for those dates with a significant (P < 0.05) F test (Snedecor & Cochran 1980) . Thrips numbers were transformed to natural logarithms (of thrips numbers + 1) to stabilize the error variance. A separate ANa VA was performed for each sample date to analyze the differences among all four varieties. In addition, a contrast between the susceptible group and resistant group (using P < 0.05 as the critical significance level) was made for each sample date. Because of the large number of dates on which separate analyses were significant at P = 0.05, 5% of the tests made would be expected to be significant by chance alone. One sample of frame leaves from 17 August 1983 and three samples (counted by the same person on the same day) from 17 August 1984 had less than one-tenth the number of thrips in other samples from the same date. Errors in handling these samples were strongly suspected, so they were treated as missing values in the analysis. Plant dry weights were also analyzed with analysis of variance.
Because we found differences among varieties in head and frame dry weight, we wanted to determine whether differences in thrips numbers could be explained by differences in head or frame size among varieties, and to compare susceptible and resistant groups with the effect of differences in size removed. We did this by fitting a series of candidate models for each sample date (Allen & Cady 1982 ). The first model was a simple regression of thrips numbers on dry weight of the head or frame leaves. In the notation of Snedecor & Cochran (1980, (365) (366) (367) , the model was
in which i is 1-4 (representing the four varieties), j represents the number of observations per variety (equal to the number of blocks in most cases), ¥fI is the number of thrips (log transformed) on the head or frame in the jth observation in the ith class, ct is the overall mean number of thrips (transformed) in all treatments, {J is the regression coefficient of ¥ on X for all observations, X'j is the dry weight of the head or frame in the jth observation in the ith class, X.. is the observed mean dry weight in all treatments, and E'j is a normally distributed random variable. The second model assumed a common slope for the regression, with different means (and thus different intercepts) for the four varieties:
where all variables were defined as above except that ct, is the varietal mean for each of the four varieties. The third model assumed different slopes and intercepts for the four varieties:
where all variables were defined as above except that {J, is the varietal regression coefficient for each of the four varieties.
Each model in the series was tested to see if it explained significantly more variation (F test, P < 0.05) than the preceding model. For those dates where different slopes did not add significantly to the model, the susceptible and resistant groups of varieties were compared by using head or frame dry weight as a covariate and adjusting group means to allow us to compare predicted group means at a common head or frame size, as measured by the dry weight (Snedecor & Cochran 1980) . For dates where susceptible and resistant groups had significantly different numbers of thrips at a common head or frame weight, an estimate of the difference was calculated. When this difference in logarithmic data is converted to antilogarithms, it gives an estimate of the ratio of thrips on susceptible varieties to thrips on resistant varieties (after adjustments for head or frame size). By adding and subtracting the standard error (SE) to the estimated logarithmic difference, then taking antilogarithms, we calculated the range of ratios within one SE unit of the mean to give an estimate of the range of variability. For dates where the four varieties had significantly different slopes, we chose subsets of the four varieties that had the same slope, and these varieties were compared at a common head or frame weight.
Results
As expected, damage ratings differed significantly among varieties (Table 1: ANOV A on rank transformed data. 1983: F = 59.8; df = 3, 68; 1984: F = 78.4; df = 3, 44; P < 0.0001 for both years).
The susceptible group of varieties, 'Market Prize' and 'Supergreen,' also differed significantly from the resistant group, 'Titanic 90' and 'Falcon' (1983: t = 12.1, df = 68; 1984: t = 14.7, df = 44; P < 0.0001 for both years).
The differences in dry weight of the head and frame leaves over the season on the four varieties is illustrated by the 1984 data in Table 2 . Of the four varieties, 'Market Prize' is the first to produce a sizeable head, followed by 'Titanic 90,' then 'Supergreen,' and then 'Falcon.' 'Falcon' had a greater dry weight of frame leaves than 'Market Prize' on 31 August 1984, and 'Falcon' and 'Titanic 90' had significantly greater dry weight of frame leaves than both of the susceptible varieties on 14 September 1984. Data for 1983 showed similar trends for dry weight of both head and frame leaves, but the differences were generally not significant. The only exception was 14 September, when the dry weights for 'Market Prize' (53.1 g) and 'Titanic 90' (54.2 g) heads were significantly greater than those for 'Supergreen' (30.7 g) and 'Falcon' (25.0 g) (LSD = 14.3 g; F = 13.36; P < 0.01).
Trends in differences of thrips numbers between susceptible and resistant groups were present only when thrips were counted separately on the frame and head. When thrips numbers were analyzed on a whole-plant basis (Fig. 1) , only two sample dates, 17 August 1983 and 31 August 1984, had significant differences between susceptible and resistant groups; on the former, susceptible varieties had more thrips per plant, and on the latter, the resistant varieties had more thrips. On frame leaves (Fig. 2) , the resistant group had significantly more thrips at the end of both years. Additional significant differences occurred on 17 August 1983 (with the susceptible group having more thrips) and 12 July 1983 (with the resistant group having more).
In the heads (Fig. 3 ) for all dates with significant differences, the susceptible varieties had more Fig. 2 . Thrips on the frame leaves of four cabbage varieties. Black rectangles at the top of the columns for each date indicate standard error of the variety means derived from mean square error in analysis of variance. Horizontal white rectangles mark the dates for which the susceptible ('Market Prize' and 'Supergreen') and resistant ('Titanic 90' and 'Falcon') varieties had significantly different (P < 0.05) numbers of thrips. (Table 3) gave results only slightly different from the unadjusted data for thrips on frame leaves in Fig. 2 . After adjusting for frame weight, the susceptible varieties still had significantly more thrips on the frame leaves for only one date, 31 August 1983. The other tests of significance had the same results as with unadjusted means. For 14 September 1984, the slopes of the regression lines were significantly different among the four varieties (P < 0.05), so the size of the differences among varieties depended on the common frame weight chosen for comparison. We analyzed the data for this date by excluding 'Supergreen,' the only variety with a slope significantly different from the other varieties, from the analysis. When 'Market Prize,' 'Titanic 90,' and 'Falcon' were used to estimate the difference between the (one) susceptible and (two) resistant varieties, the contrast was significant (t = -4.66; df = 8; P < 0.01), and a mean ratio of thrips on susceptible varieties to thrips on resistant varieties was 0.30 (range within one SE unit, 0.39 to 0.23). Together with the data for 28 September 1983 and 31 August 1984, this result confirms that the numbers of thrips on the frame leaves of susceptible varieties are much lower than on resistant varieties at the end of the season after adjustment for differences in frame biomass. In 1983, the numbers on susceptible varieties were greatly reduced for thrips. In both years, one midsummer and a group of three late-summer samples had the significant differences. The shift in time of differences between the two years may be caused by earlier planting and· earlier development and maturation in 1984.
From visual inspection of Fig. 3, five (26 July 1983 , 14 September 1983 , 6 July 1984 , 3 August 1984 , 31 August 1984 of eight dates with significant differences between susceptible and resistant groups are primarily caused by a large difference between 'Market Prize' and 'Falcon,' with 'Supergreen' and 'Titanic 90' approximately equal in thrips numbers. Because 'Market Prize' generally had the largest heads and 'Falcon' the smallest (Table 2) , we wanted to assure that the differences between groups in thrips numbers were not simply a reflection of differences in head size between these two varieties. Likewise, for thrips on frame leaves at the end of both seasons, the two resistant varieties have both the largest biomass of frame leaves (Table 2 , same trend, but difference not significant in 1983) and the largest numbers of thrips on those leaves (Fig. 2) . Thus, we compared predicted group means at a common head or frame dry weight to see if the differences between susceptible and resistant groups remained after adjustment to compensate for differences in weight.
Comparison of the predicted means for susceptible and resistant groups at a common frame weight one sample date (ca. Y25 the numbers on resistant varieties, with range ± SE of \? to Y83) while in 1984, the numbers were not as low (lh to Va, including the range ± SE for both samples) but were reduced over a longer period. For thrips in the heads, only the significance of 6 July 1984 changed from the unadjusted data in Fig. 3 when comparisons were made at a common head weight. For 3 August 1984, the slopes of the regression lines were once again significantly (P < 0.05) different among the four varieties. Two pairs of varieties could be separated (each including one susceptible and one resistant variety) that did not have significant differences in slope within the pair, so that comparisons at a common head weight could be performed within each pair. 'Market Prize' and 'Titanic 90,' when compared this way, did not have significant differences in populations at the same head weight (t = 0.70; df = 5; P = 0.51), but 'Supergreen' and 'Falcon' did (t = 2.81; df = 5; P < 0.05). The estimate of the contrast between these two varieties transformed back to a susceptible/resistant ratio of 1:90 (range ± SE, 2.39 to 1.51).
Thus, after adjustment for differences in head dry weight, there was still a pattern of significant differences in thrips numbers in the head between the susceptible and resistant groups from mid-August to mid-September. Fig. 3 . Thrips inside the folded central leaves of four cabbage varieties. Black rectangles at the top of the columns for each date indicate standard error of the variety means derived from mean square error in analysis of variance. Horizontal white rectangles mark the dates for which the susceptible ('Market Prize' and 'Supergreen') and resistant ('Titanic 90' and 'Falcon') varieties had significantly different (P < 0.05) numbers of thrips.
